INTRODUCTION {#sec1-1}
============

Hydrogels are hydrophilic cross-linked polymers able to absorb large amounts of water and they are water insoluble.\[[@ref1]--[@ref3]\] The swelling properties of hydrogels are mainly related to the network elasticity, the presence of hydrophilic functional groups, the cross-link density, and porosity. A variety of stimuli sensitive hydrogels have been studied, but in many cases, slow response to environmental stimuli limited their effective uses.\[[@ref4]\] Although such slow swelling is beneficial for many applications, there are many situations where a fast swelling polymer is more desirable. Therefore, a new generation of hydrogels, which swell and absorb water very rapidly, has been developed. Examples of this new generation are superporous hydrogels (SPHs), which swell to an equilibrium size in a short period of time.\[[@ref5]\]

SPH, A new generation of hydrogel is the three-dimensional network of hydrophilic polymer with numerous pores larger than 100 *μ*m to 1mm connected together to form open channel structures. SPHs, which absorb water very rapidly and swells to equilibrium size in a short period due to the presence of interconnected microscopic pores.\[[@ref6]\] The first approach for SPH synthesis involves cross-linking of co-monomers using multifunctional co-monomer, which acts as cross-linking agent. Polymerization reaction and Gas blowing techniques are mainly used to synthesize SPHs. Inorganic carbonates such as sodium bicarbonates are the commonly used foaming agents, which have been safely applied in drug delivery systems. The second method involves copolymerization of linear polymers by irradiation or by chemical compounds.\[[@ref7]\] Several important characteristic of SPHs includes their fast swelling, higher swelling ratio, and surface slipperiness, which make them an excellent candidate material to develop gastric retention devices.\[[@ref8]\] The first generation of SPHs are prepared from highly hydrophilic acrylamide, acrylic acid salts and sulfopropyl acrylate. These SPHs swell fast and due to the small fraction of the polymer in the swollen state, they are sometimes difficult to handle without breaking.\[[@ref9]\] SPH composites, as the second generation of SPHs, possess improved mechanical properties with composite agents such as Ac-Di-Sol and polyvinylpyrollidone (PVP) serving as the local point of physical entanglement of the formed polymer chains which have the function of improving the SPH strength. The mechanical properties of the SPHs are affected by formulation variables, such as the amount of cross-linking agent, the type of plasticizer, the type of monomer and the amount of blowing agent. Composite materials such as Ac-Di-Sol and PVP are the hydrophilic particulate materials which have been commonly used as disintegrants in pharmaceutical tablet.\[[@ref10][@ref11]\] Acrylamide (AM) and Acrylic acid (AA) were chosen as the base monomers for their high water affinity and fast copolymerization velocity which are responsible for the high swelling capacity.\[[@ref12][@ref13]\] The applications of SPHs and SPH composites (SPHCs) in the field of pharmaceutics involved preparation of gastric retention devices, peroral peptide delivery systems, fast-dissolving tablets, diet aid, occlusion devices and other commercial applications like preparation toy products for children. A composite material is used in SPHCs, is a cross-linked hydrophilic polymer that can absorb the reaction mixture of monomers, cross-linker, initiator and other components of the SPH preparation. During polymerization, the composite material serves as the local point of physical entanglement of the formed polymer chains.\[[@ref14]\]

The objective for the current investigation was to synthesis SPH and SPHCs containing Ac-Di-Sol and PVP as a composite material to improve the characteristics of conventional SPHs and comparison thereof.

MATERIALS AND METHODS {#sec1-2}
=====================

AM was obtained from burgoyne burbidges and Co. Pvt. Ltd., Mumbai, India. AA, PVP, Ac-Di-Sol, N,N'-methylenebisacrylamide (BIS), Span 80, ammonium persulphate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), and NaHCO~3~ were purchased from SD Fine Chem. Ltd., Mumbai, India. Distilled water was prepared in laboratory. Used all other chemicals were of analytical grade and with quality.

SPH and SPHCs synthesis {#sec2-1}
-----------------------

All the ingredients from 1 to 8 as shown in [Table 1](#T1){ref-type="table"} were added subsequently into a test tube at room temperature and pH 5.0 was adjusted with 5M NaOH solution. After that APS was added to the reaction mixture. Polymerization was allowed to continue for ten minutes and the mixture was shaken vigorously. Finally, NaHCO~3~ was added quickly to the solution. Prepared SPHs were dehydrated using hexane. Thereafter, the SPHs were removed with the forceps and put in hot air oven at 60°C for 24 hours for complete removal of solvent, to ensure complete drying of SPHs and stored in airtight container until the further use.

###### 

Composition of SPHs and SPHCs
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Scanning electron microscopy studies {#sec2-2}
------------------------------------

The texture of hydrogel was analyzed by scanning electron microscopy (SEM) to ensure that hydrogel retains its structure. The dried SPH and SPHCs were cut to expose their inner structure and used for SEM studies. The morphology and porous structure of the SPHC was examined using SEM JSM-5600 scanning electron microscope (JEOL worldwide, India), with an operating voltage of 10 kV.

Density measurements {#sec2-3}
--------------------

Density measurement was carried out using the solvent displacement method. Dried SPH were used for the density measurement, which actually show the apparent densities. Pieces of SPH were taken and weighed in order to determine the mass of each piece. A piece of polymer was immersed in a measured volume of hexane, and the increase in the hexane volume was measured. The density was calculated from the equation 1.

Density=M~SPH~/V~SPH~      ...(1)

Where, V~SPH~ is the volume of solvent displaced by SPH and M~SPH~ is the mass of dried SPH.

Swelling studies {#sec2-4}
----------------

The dried SPH were used to determine their equilibrium swelling ratio in distilled water. The equilibrium swelling ratio can be calculated from the following equation 2.

Q =(M~s~ -- M~d~)/M~d~      ...(2)

Where, Q is the equilibrium swelling ratio, M~s~ and M~d~ are the masses in swollen state and dried state, respectively. Initially, M~d~ of a piece of polymer was measured by weight in dried state and then it was immersed in an excess of distilled water for swelling. The swollen SPH were put on a grid boat with a mesh size of 1 mm. This method permits simple handling of SPH and SPHCs in water while not altering the mechanical integrity. Using the grid boat polymers were removed from water; dried gently by tissue paper so as to get rid of adhering water. At specific time intervals the polymer was removed from the water and weighed in order to measure M~s~.\[[@ref5]\] When the weight became constant it was considered as M~s~ and the time was considered as swelling time.

Porosity measurements {#sec2-5}
---------------------

For porosity measurement, dried SPH were immersed in hexane over night and weighed when excess solvent on the surface was blotted. The porosity was calculated from equation 3.

Porosity = V~p~/V~T~      ...(3)

Where V~T~ is the SPH total volume and V~P~ is the SPH pore volume. SPH total volume could be measured from its dimensions (cylindrical in shape). Pore volume could be determined by subtracting the V~SPH~ from V~T~.

Mechanical strength studies {#sec2-6}
---------------------------

The penetration pressure (PP) of the SPHCs was measured employing a bench comparator as described by Chen *et al*. with modifications.\[[@ref10]\] The absolutely swollen hydrogel was place longitudinally beneath the lower bit and weights were successively applied to the higher bit till the polymer fully fractured. The ultimate compressive force was browsed from the gauge and the penetration pressure\[[@ref15]\] was calculated from the following equation 4.

PP = F~u~ / S      ...(4)

Where, F~u~ is the ultimate compressive force at complete breakage of the SPH and SPHCs and S is the area of the lower touch.

FT-IR studies {#sec2-7}
-------------

The SPHs were dried and converted in powdered form for FT-IR study. The powdered samples were mixed with KBr and FT-IR spectrum was recorded over the range 600-4000 cm^-1^ using FTIR-8400S Spectrometer (Shimadzu, Japan).

RESULTS AND DISCUSSION {#sec1-3}
======================

SPH and SPHCs synthesis {#sec2-8}
-----------------------

In this procedure of SPH synthesis, AA and AM are the monomers. Ac-Di-Sol and PVP have the function of improving the SPH strength. BIS and span 80 were used as cross linker and foam stabilizer, respectively. Foam was generated by carbon dioxide due the reaction between acid and sodium bicarbonate. Homogeneous SPH with many pores could be obtained only when the polymerization and foam stabilization occurred simultaneously. As shown in [Table 2](#T2){ref-type="table"}, SPH was not formed which showed that variables in the amount of monomer and cross-linker depends on formation of SPHs. Span 80 was very important as a surfactant to create porous structure. APS was used as a polymerization initiator and TEMED as a catalyst. One of the important factors that influence the synthesis of SPH was the pH of the AA monomer solution. To make SPH with interconnected and uniform pores the monomer solution must have good foaming and foam stabilizing mechanism. At the pH 5.0, SPH with well-distributed pores were produced because of the stability and the proper formation rate of the foam. Another role of Ac-Di-Sol and PVP is to stabilize the foam during the synthesis and increases the physical cross-linking density of SPH. Prepared SPH and SPHCs are shown in [Figure 1](#F1){ref-type="fig"}. Gastric retention devices utilizing SPHCs are reported which includes drug and polymer mixture as a core loaded in SPHC conveyer systems filled in capsules for peptide and other drug delivery systems.\[[@ref14][@ref16]\] Dorkoosh *et al*. reported that the retention of SPHC polymer in human volunteers shown no discomfort.\[[@ref17]\] Risbud and Bhonde showed that polyacrylamide-Chitosan hydrogel were *in vitro* biocompatible as they showed no cytotoxic effects on NIH3T3 and HeLa cells determined by MTT and neutral red assay.\[[@ref18]\] Yin *et al*. reported cytotoxicity assays of SPH on RBL-2H3 and *Caco-2* cells caused minimal damage towards cell viability, lysosomal activity, and metabolic activity.\[[@ref19]\] These all indicates that SPH and SPHCs are suitable and safe for drug delivery systems.

###### 

Characterization parameters of SPHs and SPHCs
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![Photograph of petridishes (inner diameter=7.5 cm) containing dried SPH (B2) and SPHCs (B5, B6)](IJPI-2-134-g003){#F1}

SEM studies {#sec2-9}
-----------

[Figure 2](#F2){ref-type="fig"} shows the SEM images of SPH of poly (AM-co-AA), poly (AM-co-AA) with Ac-Di-Sol and PVP. SPH and SPHCs with uniform superporous structure and interconnected pores were produced when the monomer solution have good foaming and foam stabilizing mechanism. As observed in SEM images the structure of SPH contained numerous pores interconnected to each other. The capillary channels are clearly observed that enable water molecules to enter into the SPH networks. SPH of poly (AM-co-AA) shows more numbers of small size pores compared to SPHCs. SPHC with Ac-Di-Sol shows numerous small size pores, out of which many pores observed to be blocked due to the presence of Ac-Di-Sol. SPHC with PVP shows quite less numbers of interconnected pores and the porous structure is blocked at many points which reflects that PVP as a composite material increases the crosslink density of SPH and so the mechanical strength.

![FTIR spectra of AM, AA\[[@ref21]\] and SPH of poly (AM-co-AA)](IJPI-2-134-g004){#F2}

Density measurements {#sec2-10}
--------------------

As shown in [Table 2](#T2){ref-type="table"}, the density of the synthesized SPHs was obtained between 0.4 to 0.8 g/cc. The density of SPHs was lower than compared with the conventional hydrogels, as SPHs possess lots of pores. Ac-Di-Sol and PVP particles were interlocked with the SPH matrix to form an integral unit. As shown in [Table 2](#T2){ref-type="table"}, the rigid Ac-Di-Sol and PVP particles maintained the porous structure with 150 mg and so that the SPH shrank much less and showed lower density as compared to poly (AM-co-AA).

Swelling studies {#sec2-11}
----------------

The important characteristic of SPH is its fast swelling ability. Swelling parameters of different SPHs in distilled water are shown in [Table 2](#T2){ref-type="table"}. Poly (AM-co-AA) SPH showed much higher swelling ratio and less equilibrium swelling time owing to their highly porous structures compared to that of SPHCs of Ac-Di-Sol and PVP. Amount of Ac-Di-Sol and PVP resulted in decrease in density and swelling ratio respectively. Amount of Ac-Di-Sol and PVP of 200 mg showed very less swelling ratio which was not in the characteristic of SPHs. The slower swelling time may be due to the partial blockage of capillary channel with fibers of Ac-Di-Sol and PVP. Since, Ac-Di-Sol and PVP are not expected to participate as a chemical cross-linking agent, but it was act as a physical cross-linking agent. As shown in [Table 2](#T2){ref-type="table"}, as the amount of Ac-Di-Sol and PVP increased, the swelling ratio of SPHs was decreased. When Ac-Di-Sol and PVP were mixed with the monomer solution, they swelled so that monomers and cross-linker were absorbed into their network structure. During the synthesis of SPH, the absorbed monomer and BIS and along with those that were not absorbed, all the participated in polymerization process further leading to the formation of interpenetration polymer network (IPN) and this IPN formation was limited to the Ac-Di-Sol and PVP provided additional cross-linking. Further decrease in swelling ratios of SPH with Ac-Di-Sol and PVP incorporated SPH was partially due to the increase in physical cross-linking density, respectively.

Porosity measurements {#sec2-12}
---------------------

The porosity data are shown in [Table 2](#T2){ref-type="table"}. The porosity was found to be independent of composite materials used, which might be due to the blockage of some capillaries and so solvent could not penetrated well. At higher concentration of composite materials porosity was decreased due to the increase crosslink density.

Mechanical strength studies {#sec2-13}
---------------------------

One of most salient property for a gastric retention SPH is its structural integrity network. A SPH should be able to withstand the pressure expected in the stomach during repeated gastric contractions. Formulation variables *viz*. amount of cross-linker, type of monomer, amount of blowing agent, amount of Ac-Di-Sol and PVP, process variables affect the mechanical strength of the SPHs. The maximum pressure during the gastric contraction was ranges from 50-70 cm water.\[[@ref20]\] Penetration pressures of prepared SPHs are shown in [Table 2](#T2){ref-type="table"}, as the amount of Ac-Di-Sol and PVP increases, the mechanical strength of SPHs increases. In this study, the effect of the presence of the Ac-Di-Sol and PVP decreases the physical cross-link density of the SPH which was the possible reason for the improved structural integrity.

FT-IR studies {#sec2-14}
-------------

[Figure 3](#F3){ref-type="fig"} shows the FT-IR spectra of AM, AA, and synthesized SPH, respectively. AM and AA showed characteristic carbonyl stretching at 1640 cm^-1^ and 1708 cm^-1^ along with C-H stretching above 3000 cm^-1^.\[[@ref21]\] Peaks at 1638 cm^-1^ and 1734 cm^-1^ signified the presence of amide and carboxylic groups, which confirmed the existence of P (AA-co-AM) in the SPH. This was further confirmed by the peaks at 3294 and 3217 cm^-1^ due to amide-NH~2~ stretching along with the shift of olefinic C-H stretching above 3000 cm^-1^ to below 3000 cm^-1^ (2943 and 2806 cm^-1^). Locations of the peaks slightly changed, which was attributed to the cross-linking.

![SEM pictures of SPH and SPHCs: (a) SPH of poly (AM-co-AA); (b) SPHC of poly (AM-co-AA) with Ac-Di-Sol; (c) SPHC of poly (AM-co-AA) with PVP](IJPI-2-134-g005){#F3}

CONCLUSIONS {#sec1-4}
===========

SPH and their composites possessed porous structure and were less dense compared to GI fluid. The mechanical stability and porosity of poly (AM-co-AA) SPH were less compared to their composites, Ac-Di-Sol and PVP. The improved mechanical strength of SPHCs prevents the breakage of hydrogel during gastric contraction. The equilibrium swelling ratio and swelling time reflects the extended swelling capacity and rapid swelling behaviour of prepared hydrogels. The amount of cross-linker, monomer, Ac-Di-Sol and PVP affect the characterization parameters of the SPHs. Prepared SPHCs of Ac-Di-Sol and PVP resulted in improving structural integrity.
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